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We update the globular cluster bound on massive (ma up to a few 100 keV) axion-like particles
(ALP) interacting with photons. The production of such particles in the stellar core is dominated by
the Primakoff γ+Ze→ Ze+a and by the photon coalescence process γ+γ → a. The latter, which
is predominant at high masses, was not included in previous estimations. Furthermore, we account
for the possibility that axions decay inside the stellar core, a non-negligible effect at the masses
and couplings we are considering here. Consequently, our result modifies considerably the previous
constraint, especially for ma >∼ 50 keV. The combined constraints from Globular Cluster stars, SN
1987A, and beam-dump experiments leave a small triangularly shaped region open in the parameter
space around ma ∼ 0.5 − 1 MeV and gaγ ∼ 10−5 GeV−1. This is informally known as the ALP
“cosmological triangle” since it can be excluded only using standard cosmological arguments. As
we shall mention, however, there are viable cosmological models that are compatible with axion-like
particles with parameters in such region. We also discuss possibilities to explore the cosmological
triangle experimentally in upcoming accelerator experiments.
I. INTRODUCTION
Axion-like-particles (ALPs) with masses ma in the
keV-MeV range emerge in different extension of the Stan-
dard Model, as Pseudo-Goldstone bosons of some broken
global symmetry. The theoretical speculation about su-
perheavy axion models began long ago (see Sec. 6.7 of
Ref. [1] for a recent review), in an attempt to get rid
of the strong astrophysical bounds on the axion cou-
pling, which made it effectively invisible. In this context,
superheavy means heavier than about 100 keV, so that
the axion production in most stars (supernovae and neu-
tron stars being an exception) is Boltzmann suppressed
and the majority of the stellar axion bounds are relaxed.
Nowadays, several mechanisms exist to increase the axion
mass independently from its couplings, without spoiling
the solution of the strong CP problem (a list of references
can be found in [1]).
Besides QCD axions, heavy ALPs emerge in compact-
ification scenarios of string theory [2–4], or in the con-
text of “relaxion” models [5]. Heavy ALPs have also
recently received considerable attention in the context
of Dark Matter model-building. Indeed, they may act
as mediators for the interactions between the Dark Sec-
tor and Standard Model (SM) allowing to reproduce the
correct Dark Matter relic abundance via thermal freeze-
out [6, 7]. ALPs with masses below the MeV scale can
have a wide range of implications for cosmology and
astrophysics (see [8] for a review), affecting for exam-
ple Big Bang Nucleosynthesis (BBN), the Cosmic Mi-
crowave Background (CMB) [9–11] and the evolution of
stars. Colliders and beam-dump experiments are also
capable to explore this mass range, indeed reaching the
ma ∼ O(GeV) frontier, which is not covered by any as-
trophysical or cosmological considerations [8, 12, 13].
In this work we are interested in ALPs interacting ex-
clusively with photons. Additional couplings with SM
fields, particularly with electrons, may spoil some of our
conclusions. For such ALPs, the collection of all the
astrophysical and experimental constraints leaves a tri-
angular area in the parameter space, for masses ma ∼
0.5 − 1 MeV and couplings gaγ ∼ 10−5 GeV−1, open.
Although the existence of ALPs with such parameters is
in tension with standard cosmological arguments [9, 10],
the region of such masses and couplings passes the cur-
rent experimental tests and all the known astrophysical
arguments, and is also permitted in viable non-standard
cosmological scenarios [11]. Because of that, this param-
eter area is sometimes dubbed as the ALP “cosmological
triangle”. As we shall discuss in Sec. V, this region is now
the target of several direct investigations, as more and
more experiments are reaching the sensitivity to probe
those masses and couplings, and there is a chance that
such area might be covered in the next decade or so. Re-
defining the boundaries of the cosmological triangle is,
therefore, particularly timely and relevant to guide the
experimental investigations.
In this work we revisit the globular cluster bound on
heavy ALPs, which defines the low-mass boundary of
the cosmological triangle. Globular Clusters (GC) are
gravitationally bound systems of stars, typically harbor-
ing a few millions stars. Being among the oldest ob-
jects in the Milky Way, their population is made of low-
mass stars (M < 1M). Most of these stars belong to
the so-called Main Sequence, which corresponds to the
H burning evolutionary phase. However, there are two
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2other well defined evolutionary phases, i.e., the Red Gi-
ant Branch (RGB) and the Horizontal Branch (HB). The
first is made by cool giant stars, burning H in a thin
shell surrounding a compact He-rich core. During the
RGB phase the stellar luminosity increases and the core
contracts, until the temperature rises enough to ignite
He. Then, stars leave the RGB and enter the HB phase,
during which they burn He, in the core, and H, in the
shell.
The number of stars found in the different evolution-
ary phases depends linearly on the time spent by a star
in each of them. For this reason, stellar counts provide
a powerful tool to investigate the efficiency of the energy
sources and sinks in stellar interiors, those that affect the
stellar lifetime τ in a given stage of the stellar evolution.
In this context, the GC R parameter, defined as the num-
ber ratio of horizontal branch to red giants branch stars,
i.e.:
R =
NHB
NRGB
=
τHB
τRGB
, (1)
is a powerful observable often used to investigate stel-
lar physics. In particular, it has been also exploited
to constrain the axion-photon coupling gaγ [19–22], at
least for ALPs light enough, ma∼< 30 keV, that their
production is not Boltzmann suppressed. At such low
masses, the most relevant axion production mechanism
induced by the photon coupling is the Primakoff process,
γ + Ze → Ze + a, i.e. the conversion of a photon into
an ALP in the electric field of nuclei and electrons in
the stellar plasma (cf. Sec. II). This process is consid-
erably more efficient in HB than in RGB stars, since in
the latter case it is suppressed due to the larger screen-
ing scale and plasma frequency (see Sec. II). Therefore,
the energy-loss caused by the production of ALPs with
a sizable gaγ would imply a reduction of the HB lifetime
and, in turn, a reduction of the R parameter. As it turns
out, R has a substantial dependence, approximately lin-
ear, on the helium abundance of the cluster and, if ALPs
are also included, a quadratic dependence on the axion-
photon coupling. On the other hand, the R parameter
is only marginally affected by a variation of the clus-
ter age and metallicity. Thus, once the He abundance
is known from direct or indirect measurements, bounds
(or hints) on the axion-photon coupling can be obtained
from the comparison of the R parameter measured in
Globular clusters with the theoretical expectations ob-
tained by varying gaγ [21–24]. An accurate application
of this method, based on photometric data for 39 GCs,
was discussed in [21] by some of us, who found an upper
bound gaγ < 0.66 × 10−10 GeV−1 at 95 % confidence
level, a value more recently experimentally confirmed by
the CAST collaboration [25].
The goal of the present work is to extend the GC bound
on gaγ to higher axion masses. Given the typical tem-
perature T ∼ 10 keV in the stellar core of a HB star, one
expects the thermal production of particles to be Boltz-
mann suppressed for ma >∼ 30 keV, relaxing the bound
on gaγ . A quantitative analysis was carried out in [10],
where a bound was derived from the requirement that
the axion energy emitted per unit time and mass, εa,
averaged over a typical HB core, satisfies the require-
ment 〈εa〉∼< 10 erg g−1 s−1 [26]. However, that analysis
neglected the contribution of the photon coalescence pro-
cess γγ → a (cf. Sec. II), to the ALP production in stars.
At low masses, this process is subdominant and it is for-
bidden for ma < 2ωpl, where ωpl is the plasma frequency
at the position where the process takes place. Hence, the
inclusion of the photon coalescence does not affect the
bound obtained in Ref. [21], which remains valid for light
axions (ma∼< 10 keV). As we shall show in Sec. II, how-
ever, for masses ma >∼ 50 keV, the coalescence production
dominates and becomes several times larger than the Pri-
makoff at masses >∼ 100 keV. Furthermore, ALPs with a
large mass and coupling have a non-negligible probabil-
ity to decay inside the stellar core. In this case, they
would not contribute to the cooling of the star. We show
that this is the case for the couplings and masses within
the cosmological triangle and conclude that the stellar
bounds in this region are considerably relaxed with re-
spect to what shown in the previous literature.
The plan of our work is the following. In Sec. II, we re-
vise the axion emissivity via the Primakoff conversion and
the photon coalescence. In Sec. III, we discuss our pro-
cedure and present our bound on gaγ for massive ALPs.
Then, we show the complementarity of our bound with
other constraints. In Sec. IV, with that from SN 1987A
(in the trapping regime), and in Sec. V with the exper-
imental bounds from beam-dump searches. Finally, in
Sec. VI we summarize our results and we conclude. In
Appendix A we compute the photon-axion transition rate
from Primakoff conversion and in B we calculate the ALP
production rate from Primakoff conversion and photon
coalescence.
II. AXION EMISSIVITY
The ALP-two photon vertex is described by the La-
grangian term
Laγ = −1
4
gaγFµν F˜
µνa = gaγ E ·B a , (2)
where gaγ is the ALP-photon coupling constant (which
has dimension of an inverse energy), F the electromag-
netic field and F˜ its dual.
The primary production mechanisms for ALPs inter-
acting with transverse photons in the core of a HB star
are:
• the Primakoff conversion γ+Ze→ Ze+a, where a
thermal photon in the stellar core converts into an
axion in the Coulomb fields of nuclei and electrons;
• the photon coalescence process γγ → a, where two
photons in a medium of sufficiently high density
annihilate producing an axion.
3As we shall see, the former dominates at low ALP masses
(ma∼< 50 keV) while at large mass the photon coalescence
takes over.
There is a vast literature on the axion Primakoff
conversion rate. The interested reader may consult
Ref. [10, 19] for a detailed discussion. Here, we provide
only a brief review and present some results applicable
in the typical plasma conditions relevant for this work.
In general, the axion emission rate (energy per mass per
time) via the Primakoff conversion is given by the expres-
sion
εa =
2
ρ
∫
dk k2
2pi2
Γγ→aE f(E) , (3)
where the factor 2 comes from the photon degrees of free-
dom, ρ is the local density, f(E) = (eE/T − 1)−1 is the
Bose-Einstein distribution, and Γγ→a is the photon-axion
transition rate,
Γγ→a =
g2aγTκ
2
32pi
p
E
{
[(k + p)2 + κ2][(k − p)2 + κ2]
4pkκ2
ln
[
(k + p)2 + κ2
(k − p)2 + κ2
]
− (k
2 − p2)2
4kpκ2
ln
[
(k + p)2
(k − p)2
]
− 1
}
. (4)
In the last expression, E and p =
√
E2 −m2a are, re-
spectively, the ALP energy and momentum. The pho-
ton obeys the dispersion relation k =
√
ω2 − ω2pl where
k is the photon momentum, ω its energy, and ω2pl '
4piαne/me is the plasma frequency (or effective “pho-
ton mass”). In a photon-axion transition the energy is
conserved because we ignore recoil effects. Therefore, we
use ω = E. Finally κ is the screening scale
κ2 =
4piα
T
neffe +∑
j
Z2j n
eff
j
 , (5)
where neffe and n
eff
j are, respectively, the effective num-
ber of electrons and ions with nuclear charge Zj e. Note
that in the centre of a HB star, T ∼ 8.6 keV, ρ ∼ 104
g cm−3, and ωpl ∼ 3 keV. Thus, the plasma frequency
is considerably smaller than the thermal energy. Never-
theless, to achieve a higher accuracy our numerical Pri-
makoff emission rate includes also the effects induced by
a finite plasma frequency (a detailed description of the
adopted emission rate can be found in the Appendix of
Ref. [28], which we have generalized at finite ALP mass).
The axion coalescence process, γγ → a, has a kine-
matic threshold, vanishing for ma ≤ 2ωpl [29]. As we
shall see, above this threshold the production rate is a
steep function of the mass and dominates over the Pri-
makoff at ma >∼ 50 keV. In order to calculate the axion
coalescence rate in a thermal medium, it is convenient to
approximate the Bose-Einstein photon distribution with
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FIG. 1: Profiles of temperature T (solid line) and density ρ
(dotted line) within the core of typical HB star (see text for
details). The most internal 0.3 M are shown.
a Maxwell-Boltzmann, f(E) → e−E/T , for the photon
occupation number [29]. This approximation is justified
since we are interested only in axion masses (and thus
axion energies) of the order of the temperature or larger
(for ma∼<T the coalescence process is practically negligi-
ble). As shown in Appendix B, the production rate per
unit volume of ALPs of energy between E and E + dE
is [29]
dN˙a =
g2aγm
4
a
128pi3
p
(
1− 4ω
2
pl
m2a
)3/2
e−E/T dE , (6)
and the axion emissivity (per unit mass):
εa =
1
ρ
∫
E
dN˙a
dE
dE . (7)
The temperature and density profiles within the He-
rich core of a typical HB stellar model are shown in Fig. 1.
The model has been evolved starting from the pre-main
sequence up to the end of the core He burning phase.
For the initial structure (t = 0 model) we have adopted a
mass M=0.82 M and, as usual, a homogeneous compo-
sition, namely: Y = 0.25 and Z = 0.001. After ∼ 13 Gyr
the central He burning begins (zero age HB). At that time
the stellar mass is m ∼ 0.72 M, while the mass of the
He-rich core is m ∼ 0.5 M. Fig. 1 is a snapshot of the
stellar core taken when the central mass fraction of He re-
duces down to XHe ∼ 0.6. The corresponding Primakoff
and photon coalescence emission rates are compared in
Fig. 2. The quantity reported in the vertical axis is the
ratio of the energy-loss rate, in units of erg g−1 s−1, and
the square of the axion-photon coupling, g10 ≡ gaγ/10−10
GeV−1. The Primakoff and photon coalescence emission
rates have been computed for two different values of the
axion mass, namely: ma = 30 keV and ma = 80 keV. In
the case of ma = 30 keV, the Primakoff energy-loss rate
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FIG. 2: Energy-loss rates (in units of erg g−1 s−1 and nor-
malized for g10 = 1) for Primakoff (γ + Ze → a + Ze) and
photon coalescence (γγ → a) within the core of a typical HB
star. The most internal 0.3 M is shown. This is the same
model used for Fig 1. Results for two different axion mass,
ma = 30 keV and ma = 80 keV, are shown.
(in the center of the star) is a factor of ∼ 3 larger than the
photon coalescence rate. Conversely, for ma = 80 keV
the photon coalescence dominates and the contribution
of the Primakoff is effectively negligible.
Fig. 3 shows how the ALP luminosity,
La = 4pi
∫
ρεar
2dr , (8)
depends on the ALP mass ma. The integration is ex-
tended from the center (r = 0) to the stellar surface.
According to our expectations, the coalescence process is
sub-leading for ma∼< 50 keV, but it dominates at higher
masses. Note that the stellar luminosity, as due to the
photon emission, is L ∼ 2× 1035 erg s−1, which is about
2 orders of magnitude larger than the axion luminosity
at g10 ∼ 1.
III. GLOBULAR CLUSTER BOUND
In order to derive a bound on gaγ for massive ALPs, we
have computed several evolutionary sequences of stellar
models, from the pre-main-sequence to the end of the core
He burning. The models have been computed by means
of FuNS (Full Network Stellar evolution), an hydrostatic
1D stellar evolution code [28]. In general, the inclusion of
the axion energy-loss in stellar model computations leads
to a reduction of the R parameter, defined in Eq. (1). On
the other hand, the larger the initial He abundance the
larger the estimated R. In practice, the upper bound on
the axion-photon coupling is obtained when the largest
possible value of the He abundance is assumed. Ana-
lyzing the He abundance measured in molecular clouds
with metallicity in the same range of those of galactic
GCs, in Ref. [21] it was estimated a conservative up-
per limit for the He abundance, specifically Y = 0.26.
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FIG. 3: ALP luminosity for Primakoff process (γ + Ze →
a+Ze, continuous curve) and for photon coalescence (γγ → a,
dashed curve) versus axion mass ma. The HB model is the
one used in Fig. 1. As for the rates in Fig. 2, the luminosities
are normalized to g10 = 1.
Adopting this value of Y , it was shown that the R pa-
rameter obtained from photometric observations of 39
GCs, R = 1.39± 0.03, implies the stringent upper bound
gaγ = 0.66 × 10−10 GeV−1 (95 % C.L.). However, this
bound is only valid for light axions.
Since ALPs interacting only with photons are not ef-
ficiently produced in the core of RGB stars, and hence
affect minimally the RGB lifetime (τRGB in Eq. (1)), the
variation of R due to an axion production is essentially a
consequence of the reduction of the HB lifetime (τHB in
Eq. (1)). We have computed τHB for a GC benchmark.
Specifically, we used: age 13 Gyr, metallicity Z = 0.001,
and Y = 0.26, corresponding to the conservative upper
limit for the GC He abundance reported in [21]. In the
standard case, when no exotic energy-loss process is in-
cluded, we found τHB = 8.84 × 107 yr. The addition of
light axions with gaγ = 0.66× 10−10 GeV−1 reduces the
HB lifetime down to τHB = 7.69×107 yr. Requiring the
HB lifetime to be within these values guarantees that the
predicted R parameter is consistent, within 2σ, with the
observed one.
The argument was generalized to massive ALPs by
searching for the ALP-photon coupling that reduces the
HB lifetime down to τHB = 7.69 × 107 yr at each fixed
ALP mass. Notice that the ALP decay length decreases
rapidly with the ALP mass and coupling,
λa = 5.7× 10−5 g−210 m−3keV
ω
ma
√
1−
(ma
ω
)2
R , (9)
with mkeV = ma/(1 keV). Thus, for the masses and
couplings we are interested in, a considerable fraction of
ALPs may decay inside the star. Those ALPs do not con-
tribute to energy loss, but they can lead to an efficient
energy transfer inside the star [30]. In order to address
this issue one should perform a dedicated simulation of
HB evolution including ALP energy transfer. This is a
5challenging task that we leave for a future work. For
the moment we adopt a conservative approach assuming
that the ALPs decaying inside the convective core, with
a radius Rc ' 3 × 10−2R, do not lead to any energy
transfer, convection being a very efficient energy transfer
mechanism by itself. Neglecting the contribution of these
ALPs leads to the deterioration of the ALP bound that
we observe for gaγ >∼ 10−6 GeV−1. Our result remains ef-
fectively unchanged if we replace the convective core with
the entire Helium core, R ' 7× 10−2R, as our thresh-
old radius. We stress, however, that our bound might
relax even further if a detailed simulation were to show
that even ALPs decaying at larger radii are inefficient
in transferring energy. Our result is shown in the ex-
clusion plot reported in Fig. 4. The continuous red line
indicates our new result (95 % C.L.) while the dashed
gray line represents the bound ignoring the coalescence
production and the ALP decay, and corresponds roughly
to the previous constraint. It is evident how the bound
loses its strength for masses above ∼ 30 keV, because of
the Boltzmann suppression of the axion emissivity.
For such high masses one may ask if ALPs can be gravi-
tationally trapped into the star gravitational field. In this
case ALPs escape only if their kinetic energy is greater
than
U(r) =
GMrma
r
= 7.44× 10−34keVMr
g
ma
keV
km
r
; (10)
where Mr is the star mass up to the radius r and ma
is the ALP mass. As a simple estimate we consider the
border of the core, outside the gravitational potential
well is weaker. Therefore we use Mr = 10
33 g, r = 5 ×
104 km and ma = 500 keV obtaining U(r) = 8×10−3 keV
which is much smaller than the typical temperature T ∼
10 keV. In conclusion this effect is negligible.
For reference, in the figure we are also showing, in
light green, the region excluded by SN 1987A in the
regime of ALPs trapped in the SN core (see Sec. IV),
and in blue the parameters excluded by direct searches
at beam dump experiments (see Sec. V). Interestingly,
the combination of all the astrophysical and experimen-
tal bounds leave a small triangular area, roughly at ma ∼
0.5−1 MeV and gaγ ∼ 10−5 GeV−1, unconstrained. This
is the ALP cosmological triangle. Standard cosmologi-
cal arguments, particularly concerning BBN and the al-
lowed effective number of relativistic species, Neff , can be
used to exclude this area [10, 11]. Nevertheless, in non-
standard cosmological scenarios, e.g. in low-reheating
models, the cosmological bounds can be relaxed all the
way to the GC bound calculated in this work [11]. Thus,
the cosmological triangle is still a viable region of the
ALP parameter space, open to experimental and phe-
nomenological investigations.
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FIG. 4: HB bound (red line) in the plane gaγ vs ma, compared
with other exclusion limits. The dashed gray curve presents
the HB limit accounting only for Primakoff while the contin-
uous red curve includes also the photon coalescence process.
IV. SN 1987A BOUND FROM AXION
TRAPPING
For the sake of completeness, in this section we present
briefly our derivation of the SN 1987A constraint on
heavy ALPs presented in Fig. 4 and 5. A detailed study
of this constraint, based on state-of-the-art SN mod-
els [31], is currently ongoing and will be the topic of
a forthcoming work by some of us [32]. Here, we just
present a succinct discussion of the SN argument to con-
straint the ALP-photon couplings at the bottom edge of
the cosmological triangle. In order to characterize the
ALP emissivity in a SN, and in particular the effect of
degeneracy in a SN core we closely follow [33].
Heavy ALPs can be copiously produced in a supernova
(SN) core via Primakoff and coalescence processes. Due
to the higher core temperature, T ∼ O(30) MeV, SNe can
be used to probe ALP masses considerably larger than
those probed by GCs (see, e.g. [8, 34, 35]). For couplings
of interest in this work, gaγ ∼ O(10−5) GeV−1, ALPs
would be trapped in the SN, having a mean-free path
smaller than the size of the SN core (R ∼ 10 km) [8, 34].
In this case, ALPs may contribute significantly to the en-
ergy transport in the star, modifying the SN evolution.
Since SN 1987A neutrino data are in a reasonable agree-
ment with core-collapse SN models without the emission
of exotic species, one should require that ALPs interact
more strongly than the particles which provide the stan-
dard mode of energy transfer, i.e. neutrinos.
When ALPs interact strongly enough to be trapped
in the SN core, they are emitted from an axion-sphere,
a spherical shell whose radius ra is fixed by the optical
depth being about unity. More specifically, we calculated
6ra imposing that the optical depth
τa =
∫ +∞
ra
κaρdr , (11)
where κa is the axion opacity, satisfies the condition
τa(ra) ' 2/3. This is analogous to the neutrino last scat-
tering surface, i.e. the “neutrino-sphere”, with radius rν .
Trapped ALPs have a black-body emission with a lu-
minosity La ∝ r2aT 4(ra). In order to obtain the bound
on gaγ one should impose [26, 27]
La∼<Lν . (12)
We are concerned mostly with a time posterior to 0.5–
1 s, where the outer core has settled and the shock has be-
gun to escape. Specifically, in our numerical calculation
we refer to the SN model used in [36], for a representative
post-bounce time tpb = 1 s.
We calculated the ALP opacity following the prescrip-
tions in [30] (see [35] for an alternative approach). For
masses ma∼< a few MeV, the dominant contribution to
the axion opacity is due to the inverse Primakoff conver-
sion, a+ Ze→ γ + Ze,
κa→γ =
1
ρλa→γ
=
1
ρ
Γa→γ
βE
, (13)
where λa→γ is the mean free-path, and βE = (1 −
m2a/E
2)1/2. The inverse Primakoff conversion rate is
Γa→γ = 2Γγ→a, with Γγ→a given in Eq. (4).
From κa→γ one can calculate the mean ALP Rosseland
opacity [26]
κ−1a =
∫∞
ma
κ−1a→γβE∂TBEdE∫∞
ma
βE∂TBEdE
, (14)
where
BE =
1
2pi2
E2(E2 −m2a)1/2
eE/T − 1 , (15)
is the ALP thermal spectrum.
We derived our bound on axion coupling from the lu-
minosity condition in Eq. (12), taking the axion-sphere
radius that satisfies Eq. (11). As shown in Fig. 4, for
ma < 10 MeV, the luminosity condition excludes the val-
ues of the photon-axion coupling gaγ ∼< 8× 10−6 GeV−1,
in agreement with previous results [8, 34].
Note that the SN 1987A bound should not be consid-
ered at the same level of confidence as the GCs one, since
it is not based on a self-consistent SN simulations. Per-
forming such a simulation, which should include also the
trapped ALPs, would be a challenging task (see, e.g., [37]
for a recent investigation in the context of dark photons),
and demand a separated investigation.
V. DIRECT EXPERIMENTAL TESTS OF THE
COSMOLOGICAL TRIANGLE
As discussed above, the ALP region at masses of a few
MeV is the target of numerous investigations. In this
section, we briefly comment on the existing experimental
limits near the cosmological triangle and future prospects
to test that region directly in experiments.
Fig. 5 shows an overview plot of the status of the search
for heavy ALPs with our updated bound as discussed in
this work in red, labelled “HB”. Colored regions are ex-
cluded at 95% C.L. Other limits are compiled from ref-
erences [8, 13] and detailed therein. The experimental
limits which are “nose-like-shaped” (E137 [38], CHARM
[14], nuCal [15, 16], E141 [17, 18]) are from beam-dump
setups, in which the ALP needs to live long enough to
reach the detection volume (boundary at “large” cou-
plings and masses). However, it should not be so long-
lived that it can excape from it (boundary at “small”
couplings and masses).
The most efficient experiment to “touch” the cosmic
triangle was E137, shown as a blue-shaded region in
Fig. 4. This bound is based on data published by the ex-
periment E137 [38] and its revisit in [8]: around 2×1020
electrons were dumped into an aluminum target, poten-
tially yielding to Primakoff-production of ALPs. How-
ever, no excess of expected photon signals was observed
at a distance of ∼ 200 m, leading to an exclusion limit.
The small-coupling-limit of E137 relevant for us in this
context is largely determined by how long-lived ALPs can
be while still being detected by the experiment. The limit
estimated [8] for this reason seems robust as late ALP de-
cays will suffer little from their non-negligible probability
of showering in air. We thus show this limit in Fig. 5.
Roughly spoken, a long baseline together with a rela-
tively soft ALP spectrum (compared to proton dumps
whose lower limits are at much larger couplings [13]),
made E137 an ideal fixed-target in probing the cosmo-
logical triangle at the top section of its parameter space.
As for the possibilities to probe the remaining region
at ma ∼ 1 MeV, Ref. [8] details on prospects to signifi-
cantly probe the cosmic triangle at Belle-II at a statistics
of 50 ab−1. Sensitivity is also expected at “active” beam
dumps such as LDMX-type set-ups, that can infer the
presence of ALPs through a “missing-momentum signa-
ture” [39]. The running experiment PADME, at Frascati,
does not currently have the potential to reach the cosmo-
logical triangle [40, 41] but could be potentially sensitive
to this area after a luminosity upgrade.
It is worth stressing that far more experimental options
to probe this triangle exist if the axion-coupling is not
limited strictly to direct photon couplings [35]. However,
this possibility is outside the assumptions made in our
work.
7FIG. 5: Overview of the heavy ALP parameter space in the plane gaγ vs ma. The red-filled region labelled “HB” represents
our new exclusion result. The SN 1987A bound [32] and the experimental limits, compiled from Refs. [8, 13], are also shown.
Prospects to experimentally probe the viable region are commented on in the text.
VI. DISCUSSIONS AND CONCLUSIONS
In this work we have extended the GCs bound on the
ALP-photon coupling to masses ma >∼ 10 keV, in the
region of the parameter space where the Boltzmann sup-
pression of the axion emission rate can no longer be ne-
glected. Our analysis improves on the previous work by
including the coalescence process, γ + γ → a, which is
the dominating axion production mechanism at masses
above ∼ 50 keV, and by accounting for ALPs decaying
inside the stellar core. The bound is shown in Fig. 4
(red line), where we also compare it to the bound ob-
tained ignoring the ALPs decay and the coalescence pro-
cess (dashed gray line). The inclusion of the coalescence
reduced the allowed value of the axion photon coupling
by a factor of ∼ 4 at masses ∼ 100 keV, and by over an
order of magnitude at ma >∼ 200 keV. At large masses
and couplings, the ALP energy loss mechanism is ham-
pered by ALPs decaying inside the stellar core and the
axion bounds starts to relax. Quite interestingly, this
effect becomes important very close to the edge of the
cosmological triangle, opening up the region to future
experimental probes.
Though excluded by standard cosmological argu-
ments, the cosmological triangle is a viable region
in non-standard cosmological scenarios, e.g. in low-
reheating models, which relax substantially the cosmo-
logical bounds [11]. Thus, it remains an area of great
experimental interest, as shown in our Fig. 5. Indeed,
several theoretical models permit ALPs (and even QCD
axions) with parameters in this region, as discussed in
Sec. I, making this a possible target area for future ex-
perimental investigations. Interestingly, a detection of an
axion signal in this region would have dramatic cosmolog-
ical consequences, requiring non-standard cosmological
scenarios. This intriguing possibility confirms once more
the nice complementarity between astrophysical, cosmo-
logical arguments and direct searches in order to corner
or luckily discover axion-like-particles.
8Acknowlegments
We would like to thank Felix Kahlhoefer for helpful dis-
cussions. We are also grateful to the anonymous referee
for important comments concerning the role of ALP de-
cays inside the star. For this work, O.S has been funded
by the Italian Space Agency (ASI) and the Italian Na-
tional Institute of Astrophysics (INAF) under the agree-
ment n. 2017-14-H.0 -attivita` di studio per la comu-
nita` scientifica di Astrofisica delle AlteEnergie e Fisica
Astroparticellare. The work of P.C. and A.M. is par-
tially supported by the Italian Istituto Nazionale di Fisica
Nucleare (INFN) through the “Theoretical Astroparti-
cle Physics” project and by the research grant number
2017W4HA7S “NAT-NET: Neutrino and Astroparticle
Theory Network” under the program PRIN 2017 funded
by the Italian Ministero dell’Universita` e della Ricerca
(MUR). B.D. acknowledges support through the Euro-
pean Research Council (ERC) under grant ERC-2018-
StG-802836 (AxScale).
Appendix A: Photon-axion transition rate from
Primakoff conversion
The differential rate for the Primakoff conversion is
dΓγ→a = |M|2V
T
d3p
(2pi)3
, (A1)
where V is the normalization volume, T the interaction
time and |M|2 is the squared matrix element averaged
over the initial photon polarization,
|M|2 = 1
2
|M|2 = 1
2
∣∣∣∣< a|∫ dtd3r gaγ φaEe ·B|γ >∣∣∣∣2 ,
(A2)
where φa, B and Ee =
Z er
|r|3 are the interacting fields. By
expanding the axion field φa and the magnetic field B in
plane waves, one obtains
|M|2 = 1
2
(
gaγZe
2V
)2 |k× p|2
|k− p|4
2piTδ(ωk − ωp)
ωkωp
. (A3)
Therefore the transition rate results to be
Γa→γ =
1
2V
(
gaγZe
4pi
)2 |k× p|2
|k− p|4
|p|
E
dΩp , (A4)
where E = ωk = ωp because of the delta function in
Eq. (A3) and Ωp is the scattering angle.
One has to consider that in a real plasma the particles
mutually interact through their Coulomb fields and their
motion is slightly correlated. This correlation implies the
substitution [42]
1
|k− p|4 →
1
|k− p|4
|k− p|2
κ2 + |k− p|2 , (A5)
where κ is the screening scale in Eq. (5). Thus one ob-
tains
Γγ→a = g2aγ
Tκ2
32pi2
|p|
E
∫
dΩp
|k× p|2
|k− p|2(κ2 + |k− p|2) ,
(A6)
and after an integration over the scattering angle we ob-
tain Eq. (4).
Appendix B: ALP production rate from photon
coalescence
In order to obtain the ALP production rate from pho-
ton coalescence, let us consider the Boltzmann equation
for the ALP distribution function fa
∂fa
∂t
=
1
2E
∫
d3k1
(2pi)32ω1
d3k2
(2pi)32ω2
(2pi)4δ4(P −K1 −K2)1
2
|M|2
[(fa + 1)fγfγ − fa(fγ + 1)(fγ + 1)] , (B1)
where P = (E,p) is the ALP 4-momentum, Ki = (ωi,ki)
for i = 1, 2 are the 4-momenta of the two photons, and
|M|2 is the polarization-summed squared matrix element
|M|2 = 1
2
g2aγm
2
a
[
m2a − 4m2γ
]
. (B2)
The first term in Eq. (B1) describes the photon coales-
cence, while the second one is the decay process. Since
one can assume that ALPs, once produced by photon co-
alescence, escape immediately, then fa = 0 and attention
can be focused on the photon coalescence term
∂fa
∂t
=
1
2E
∫
d3k1
(2pi)32ω1
d3k2
(2pi)32ω2
(2pi)4
δ4(P −K1 −K2)1
2
|M|2fγ(ω1)fγ(ω2) .(B3)
By integrating, one obtains
∂fa
∂t
=
g2aγma
64piEa
[
m2a − 4m2γ
]3/2
e−E/T , (B4)
where a Maxwell-Boltzmann distribution for photons is
assumed and ω1 + ω2 = E because of the delta-function.
Since
dNa = fa
d3p
(2pi)3
=
fa pE dE dΩ
(2pi)3
, (B5)
the production rate per unit volume of ALPs of energy
between E and E + dE results to be
d2Na
dE dt
=
g2aγ
128pi3
m4a p
(
1− 4m
2
γ
m2a
)3/2
e−E/T . (B6)
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